LASP1 (LIM AND SH3 DOMAIN PROTEIN 1) is a widely but differentially expressed actin-binding protein that is localized within multiple sites of dynamic actin assembly (7, 30, 50) . Lasp1 was initially identified as a 40-kDa phosphoprotein, pp40, in gastric parietal cells (5) . pp40 was later found to be Lasp1 (11) , the gene for which was initially identified as an overexpressed product in some breast cancers (53, 54) .
Several lines of evidence support a role for Lasp1 in regulating cellular functions associated with actin-cytoskeletonassociated membrane rearrangements. In parietal cells within the gastric mucosa, histamine-stimulated HCl secretion results in the translocation of the H ϩ ,K ϩ -ATPase (proton pump) from a pool of cytoplasmic tubulovesicles to the apically directed, F-actin-rich intracellular canalicular membrane (19, 39) . This process is mediated by the cAMP signaling pathway, and cAMP-dependent phosphorylation of Lasp1 on serine residues is correlated with the activation of HCl secretion and the partial translocation of Lasp1 to the intracellular canalicular membrane region (10, 11) . Lasp1 also associates with F-actin in a phosphorylation-dependent manner (4, 7, 50) , binds to several endocytosis-associated proteins including Huntington interacting protein 1 related (Hip1r), clathrin, and dynamin2, and colocalizes with Hip1r and dynamin2 within parietal cell intracellular canalicular region (29, 38, 40) . Because disruption of the Lasp1 gene in mice leads to a more robust acid secretory response to histamine, and histamine H 2 receptor antagonistdependent blockade is delayed in gastric glands isolated from these mice, it has been postulated that Lasp1 serves as a negative regulator in this process (6) .
In cultured cells, Lasp1 is present within focal adhesions (7, 10, 30, 35, 50) , and there is evidence that this protein can interact with a number of motility-associated, focal adhesion proteins including zyxin, the zyxin family member, LPP, the cAMPdependent phosphoprotein, vasodilator-stimulated phosphoprotein (VASP), and Krp1 (sarcosin), which is expressed mainly in skeletal and cardiac muscle but has also been found to be upregulated in transformed rat fibroblasts (30, 32, 51) . Because Lasp1 is overexpressed in a range of cancers, including breast, prostate, liver, and ovarian, for example (22-24, 34, 53, 54, 57) , it has been proposed to play a role in initiating metastasis (22, 54) . Several recent studies have sought to clarify the role of Lasp1 in the regulation of cell migration using transient overexpression/ knockdown approaches with conflicting results. Thus, siRNAdependent reduction in Lasp1 expression, decreased cell migration in the BT-20, SKOV-3, COS-7, and NIH3T3 cell lines and several hepatoma cancer cell lines (HepG2, Hep3B, and Huh-3) (23, 24, 35, 57) , but enhanced migration in the SKHep1C3 carcinoma cell line (47) . Lasp1 overexpression also reduced migration in several breast cancer cell lines (23, 35, 55) and in two transformed cell lines, COS-7 and HEK293 (35) , but enhanced the migratory activity of nontransformed PTK2 cells (23) and had no significant effect on primary human umbilical vein endothelial cell migration (23) .
In this study, we used a recently generated Lasp1-null mouse model (6) to analyze the effects of chronic, physiological loss of Lasp1 on cell migration. Our findings provide the first evidence that this protein can serve as a negative, rather than a positive modulator not only of cell migration but also tumor progression.
MATERIAL AND METHODS
Animals. Lasp1-null mice and wild-type littermates were produced and backcrossed to wild-type C57Bl/6NCr mice for 10 generations to ensure genetic homogeneity (41) as previously described (6) . All procedures and treatment of mice were reviewed and approved by the Medical College of Georgia (MCG) Animal Care and Use Committee.
Mouse embryonic fibroblast isolation. Embryonic fibroblasts were derived from day 12.5 embryos of Lasp1 ϩ/ϩ (n ϭ 3, 8 embryos/mouse) and Lasp1 Ϫ/Ϫ (n ϭ 4, 9 embryos/mouse) mice as previously described (28, 59) . Primary mouse embryonic fibroblast (MEFs) were plated and frozen in liquid nitrogen as passage 0. Cells were grown at 37°C in a 5% CO 2 atmosphere in high glucose DMEM (Cellgro) supplemented with 10% FBS (HyClone), 2 mM L-glutamine (Cellgro), and 1% penicillin/streptomycin (Cellgro). MEFs of passages 2-6 were used in all experiments. Unless otherwise stated, cells were seeded directly onto glass coverslips or culture dishes.
Molecular cloning, plasmid constructs, and transfection. Total RNA from wild-type and Lasp1-null MEFs was isolated with a Perfect RNA Tissue kit (5 Prime, Gaithersburg, MD) following manufacturer's instructions. Mouse Lasp1 cDNA (GenBank accession no. NM_010688) was cloned from MEF mRNA using a RT-PCR-based strategy as previously described (9) . Total RNA from wild-type MEFs was converted to single-stranded DNA (Superscript First-Strand cDNA synthesis kit; Invitrogen, Carlsbad, CA) and used as a PCR template to generate the complete open reading frame for murine Lasp1 using the following primers (5Ј33Ј): sense with HindIII cut site (5Ј-AAG CTT CAT GAA CCC TAA CTG TGC CC-3Ј); antisense with BamHI cut site (5Ј-GGA TCC CGA TGG CCT CCA CGG TAG TT-3Ј) that were synthesized by Integrated DNA Technologies (Coralville, IA). RT-PCR was performed using AccuPrime Pfx taq (Invitrogen) as follows: 94°C, 5 min followed by 30 cycles (94°C, 30 s, 55°C, 1 min, 72°C, 1 min) with a final 72°C, 7 min extension. The resulting DNA product was gel purified (Qiagen Gel Extraction Kit, Valencia, CA), ligated into pGEM-T Easy vector (Promega, System II), and sequenced using T7 and SP6 primers (MCLAB, San Francisco, CA) to ensure there were no PCR-introduced errors. The mouse Lasp1 insert was then subcloned into the pAcGFP1-C2 expression vector (Clontech), purified with a Qiagen Endofree Maxiprep kit as previously described (42) , and sequenced (MCLAB) using a pAcGFP1-C2 vector-specific primer (5Ј-AAC CTC CCA CAC CTC CCC-3Ј). Lasp1 Ϫ/Ϫ MEFs were transiently transfected with pAcGFP1-C2/Lasp1 with Effectene (Qiagen) using a manufacturer-supplied enhancer at a ratio of 1:6.4 (DNA to enhancer) and 1:20 (DNA to Effectene) (42) .
Real-time RT-PCR. Total RNA (5 g) from Lasp1 ϩ/ϩ and Lasp1 Ϫ/Ϫ MEFs and RNA (5 g) isolated from mouse brain (C57BL/6 strain) were reverse-transcribed using a Superscript FirstStrand cDNA synthesis kit (Invitrogen) as described in the previous sections. The resulting cDNA was then subjected to real-time PCR (ABI 7500 Fast Real Time PCR System; Applied Biosystems, Foster City, CA) to quantify gene expression using TaqMan Fast Universal PCR Master mix, No AmpErase UNG. Predesigned primers and probes [␤-actin (Mm00607939_s1), Lasp2 (Mm00503886_m1)] were obtained from Applied Biosystems. ␤-Actin was used as an internal control. Thermal cycling conditions were as follows: 95°C, 20 s; 50 ϫ 3 s cycles, 95°C; 60°C, 30 s. Each sample was analyzed in triplicate. Fold changes were determined using the 2
Ϫ⌬⌬Ct method (36) with Sequence Detection Software 1.3 (Applied Biosystems).
Cell migration analyses. In vivo wound healing experiments were performed on Lasp1 Ϫ/Ϫ and Lasp1 ϩ/ϩ mice beginning at 58 days of age. Prior to being wounded, mice were deeply anesthetized (Nembutal, 50 mg/kg ip) and shaved dorsally. Full-thickness wounds were generated on backs with a biopsy punch (4-mm diameter, Miltex, York, PA) (48) . Wound healing progress was recorded daily for 7 days with a digital camera (Canon IXUS60). Images were analyzed with NIH Image J software (version 1.38x). The unhealed area was defined as the "wound" (mm 2 ), followed by normalization to the percentage of unhealed area to the original wound area [% of wound ϭ unhealed area (mm 2 ) on day n ϫ 100/original wound area (mm 2 ) on day 0 (n ϭ days postwounding)].
In vitro monolayer wound healing assays were performed as previously described (59) Cell proliferation and adhesion analyses. Cell proliferation rates were assessed using Vybrant MTT Cell Proliferation Assay Kits (Invitrogen) at 24 and 48 h after cell seeding according to manufacturer's instructions. Cell adhesion assays were performed as previously described (59), using cells seeded in 96-well plates (Corning) coated with collagen type I (Sigma) at different concentrations (1, 2, 5, and 10 g/ml). Cells were allowed to attach for 25 min at 37°C before assay. Nonadherent cells were removed by gentle washing with PBS. Attached cells were fixed in 10% formalin for 30 min and then stained with 1% toluidine blue for 60 min. The blue dye was eluted in 2% SDS solution, and the absorbance was measured at OD 620. Nonspecific cell adhesion was measured on BSA-coated wells and was subtracted from each reaction value.
Immunofluorescent localization. MEFs were fixed with 4% paraformaldehyde, permeabilized with 0.25% Triton X-100, and stained with various antibodies as previously described (9) There was a significant difference in the distances covered by Lasp1 Ϫ/Ϫ MEFs compared with Lasp1 ϩ/ϩ MEFs. *P Ͻ 0.01; n ϭ 4. C: modified Boyden chamber assays: Innocyte Cell Migration chambers were used to measure cell migration over a 6 h period as described in MATERIAL AND METHODS. Lower chambers containing serum-free media were used as negative controls. The number of MEFs that migrated through the membranes of the chamber inserts during this time period was significantly greater for Lasp1 Ϫ/Ϫ MEFs compared with Lasp1 ϩ/ϩ MEFs. *P Ͻ 0.05; n ϭ 3.
CHRONIC LOSS OF Lasp1 ENHANCES CELL MIGRATION
Physiol Genomics were adjusted to avoid signal cross-over (9, 10, 42) . Images were processed using Adobe Photoshop (version 7.0). Ten nonoverlapping cells from Lasp1 ϩ/ϩ and Lasp1 Ϫ/Ϫ MEFs, respectively, were selected randomly for quantitation of focal adhesion numbers.
Focal adhesion turnover analyses. Focal adhesion disassembly assays were performed as previously described (17) . In brief, cells were grown on glass coverslips, serum-starved overnight, and then treated with 10 M nocodazole (Sigma) for 4 h. MEFs were fixed, permeabilized, and stained with monoclonal mouse anti-vinculin for focal adhesion visualization and Oregon Green 488 for F-actin detection, as described in the preceding section, before and after nocodazole addition and 30 min-3 h after removal.
Western blotting. Lasp1 ϩ/ϩ and Lasp1 Ϫ/Ϫ MEFs were rinsed with cold PBS and protein extracted by boiling (5 min) in SDS-␤ME [0.3% (wt/vol) SDS, 1% (vol/vol) 2-mercaptoethanol]. Proteins were quantified using a Protein Quant-iT Assay kit (Invitrogen). Western blots were analyzed with enhanced chemiluminescence (ECL) detection (Amersham Biosciences) and signals quantified using a Syngene GeneGnome System and the Gene Tools software (Synoptics) as previously described (7) (8) (9) . Antibody dilutions were as follows: Monoclonal mouse anti-Lasp1, 1:2,000 (clone 8C6) (6, 10, 29) ; monoclonal mouse anti-␤-actin, 1:25,000 (Sigma, clone AC-74); monoclonal rabbit anti-VASP (Cell Signaling, clone 9A2), 1:1,000; monoclonal mouse IgA anti-Mena (BD Transduction Laboratories, clone 21), 1:250; polyclonal rabbit anti-zyxin, 1:1,000 (Protein Tech Group); polyclonal goat anti-LPP, 1:1,000 (Santa Cruz), and polyclonal rabbit antiLasp2, 1:50 -1:200 [a generous gift from Asako Terasaki, Chiba, Japan (52)]. Incubations with primary antibodies were followed by incubation with appropriate secondary horseradish peroxidasetagged IgG: sheep anti-mouse IgG, donkey anti-rabbit IgG, mouse anti-goat/sheep IgG (clone GT-34) (1:5,000 dilution, Amersham Biosciences), or goat anti-mouse IgG (HϩL) (1:5,000 dilution, Jackson ImmunoResearch Laboratories).
Microarray analyses. Total RNA (200 ng) was hybridized to mouse WG-6v2.0 expression BeadChips. Arrays were scanned using the Illumina BeadArray Reader (Illumina) in the MCG Proteomics & Mass Spectrometry Core Facility. Data were processed by Mean/median scaling normalization and Welch t-test analysis using Array Track software (version 3.3, National Center for Toxicological Research, Jefferson, AR). Gene Ontology For Functional Analysis (GOFFA) was used as a comprehensive tool to functionally profile genes that were significantly affected by changes in Lasp1 gene expression. A differential expression cutoff of twofold and a P value of Ͻ0.05 were the basic criteria for further analysis. The complete data set has been deposited in the NCBI Gene Expression Omnibus (GEO) (16) and is accessible through GEO Series accession number GSE14800 at the following web address: http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? accϭGSE14800.
Statistical analyses. Data were analyzed and curves fitted with GraphPad Prism (version 5.0). Student's t-tests were used for paired comparisons. Multiple comparisons were analyzed by ANOVA with post hoc tests (Bonferroni and Dunnett's multiple comparison). Logrank tests of the survival curves were used for tumor incidence analyses. Values in figures are expressed as means Ϯ SE with n ϭ the number of independent experiments.
RESULTS

Effects of Lasp1 gene disruption on wound healing and tumor promotion.
Findings in several cell lines that decreased expression of Lasp1 suppresses cell migration (23, 24, 35, 57) , and, in some cases, proliferation (23, 24) predicted that chronic loss of Lasp1 would have a more profound effect on these processes. Because cell migration and proliferation are prominent components in wound healing (33) as well as in cancer progression (26), we used two different, well-established in vivo approaches, skin wounding and chemically induced tumor formation, to determine if chronic loss of Lasp1 influenced the outcome of these perturbations. For wounding experiments, full-thickness wounds were produced in anesthetized mice with a biopsy punch, and healing progress was analyzed as described in MATERIAL AND METHODS. A two-stage skin carcinogenesis model with a high-dose regimen was used to induce tumor formation because the Lasp1-null mouse strain was backcrossed to the C57BL/6 strain, which is highly resistant to tumor promotion protocols (14, 15, 27) . Unexpectedly, we found that wound healing progressed more rapidly in Lasp1 Ϫ/Ϫ mice compared with their wild-type littermates (Fig. 1, A and  B) . As shown in Fig. 2, tumor formation (Fig. 2A) and incidence (Fig. 2B) were also significantly greater in Lasp1-null mice compared with wild-type littermates. Representative examples of tumor formation and histological analyses are shown in Fig. 2 , C and D.
Effects of chronic loss of Lasp1 on MEF migration, proliferation, and attachment. The observations that both wound healing and tumor progression occurred more rapidly in Lasp1-null mice suggested the possibility that Lasp1 plays a negative, rather than a positive, role in regulating cell motility and proliferation. To test this hypothesis, we analyzed cell migration in vitro using MEFs isolated from Lasp1-null and wildtype mice. As shown in Fig. 3 , two different approaches, including a cell wounding assay (Fig. 3, A and B) and a modified Boyden chamber cell migration assay (Fig. 3C) , provided independent confirmation that Lasp1-null MEFs migrate more rapidly than do Lasp1 ϩ/ϩ MEFs. Furthermore, although chronic loss of Lasp1 did not alter the rate of proliferation as assessed under standard culture conditions (Fig. 4A) , the rate of MEF attachment to collagen type I was significantly faster in Lasp1-null MEFs (Fig. 4B) . The lack of effect of chronic loss of Lasp1 on normal cell proliferation suggests that some type of perturbation, such as chemicallyinduced tumor formation (Fig. 2) , is necessary to unveil the enhancement in proliferation that is conveyed by disruption of the Lasp1 gene.
Focal adhesion numbers and dynamics in Lasp1 null MEFs. Focal adhesions play a central role in mediating attachment of cells to the substratum and coordinating interrelationships between attachment and cytoskeletal assembly and disassem- Fig. 5 . Analysis of focal adhesion numbers and morphologies in Lasp1 ϩ/ϩ and Lasp1 Ϫ/Ϫ MEFs. A: Lasp1 ϩ/ϩ and Lasp1 Ϫ/Ϫ MEFs were fixed and stained with a zyxin polyclonal antibody and Cy3-tagged donkey anti-rabbit secondary antibody to localize zyxin, a Lasp1 monoclonal antibody, and Cy5-tagged donkey anti-mouse antibody to localize Lasp1 and with Oregon green 488 phalloidin to localize F-actin as described in MATERIAL AND METHODS. In wild-type MEFs, Lasp1 was localized within focal adhesions and in the perinuclear region (a). Zyxin was similarly localized within focal adhesions but was also prominently localized within nuclei (b). In Lasp1 Ϫ/Ϫ MEFs (e), the subcellular localization of zyxin (f) was not affected. Focal adhesion morphologies and F-actin localization within stress fibers were also similar in Lasp1 ϩ/ϩ MEFs still contained prominent focal adhesions and stress fibers (E, EЈ), whereas focal adhesions were disassembled and stress fibers were disrupted in Lasp1 Ϫ/Ϫ MEFs (F, FЈ). Sixty minutes after nocodazole removal, focal adhesions were disassembled, and stress fibers were disrupted in both Lasp1 ϩ/ϩ (G, GЈ) and Lasp1 bly during cell migration (49) . Lasp1 has been localized within focal adhesions in several cell lines and in gastric mucosal fibroblasts (7, 10, 30, 35, 50) along with the focal adhesion protein, zyxin (32) . Lasp1 also binds to zyxin in vitro (30, 32) , and transient knockdown of Lasp1 has been linked to the loss of zyxin from focal adhesions in breast and ovarian cancer cell lines (23, 24) . To determine if zyxin localization is similarly altered when Lasp1 is chronically absent, we used confocal microscopy to immunolocalize zyxin in wild-type and Lasp1-null MEFs. As shown in Fig. 5A , both Lasp1 and zyxin were found to be present within focal adhesions in wild-type MEFs, as expected. However, there was no evidence that zyxin localization within focal adhesions was altered in Lasp1-null MEFs (Fig. 5A ). In addition, the morphologies of zyxin-containing focal adhesions and actin stress fibers were similar in wild-type and Lasp1-null MEFs (Fig. 5A) . These latter findings are in agreement with a previous report in which transient knockdown of Lasp1 was not found to alter the subcellular localizations of F-actin or another focal adhesion protein, vinculin (23) . Interestingly, we further observed that the number of zyxin-containing focal adhesions was significantly increased in Lasp1 Ϫ/Ϫ MEFs (Fig. 5B) . Similar results were obtained when vinculin-containing focal adhesions were quantified (not shown). Reconstitution of Lasp1 in Lasp1 Ϫ/Ϫ MEFs reduced focal adhesion numbers (Fig. 5B) , providing additional support for a reciprocal relationship between Lasp1 expression and the number of focal adhesions.
Although focal adhesions are required to support cellular attachment and migration, an increased level of focal adhesion formation could lead to decreased cell migration, depending upon the strength of attachment as well as the interplay between focal adhesion dynamics and actomyosin-dependent contraction (25) . To determine if the increase in focal adhesion numbers in Lasp1-null MEFs is linked to an increase in the turnover of these structures, which could serve to enhance migratory capacity, we used a recently described protocol in which effects of nocodazole-induced formation of focal adhesions and stress fibers and loss of these structures after nocodazole removal are followed over time under serum-starved conditions (17) . Focal adhesions were localized using an anti- Fig. 7 . Subcellular immunolocalization of candidate Lasp1 binding proteins in MEFs. Cells were cultured in serum-containing medium for 1 day after seeding on coverslips and then fixed and stained with Lasp1 and zyxin antibodies and Oregon green 488 phalloidin as described in Fig. 5 . Lipoma preferred partner (LPP) was immunolocalized with a polyclonal antibody and a Cy3-tagged (B) or Cy5-tagged (E, I) donkey anti-goat secondary antibody. In agreement with data shown in Fig. 5 , Lasp1 was localized within focal adhesions and in the perinuclear region in wild-type MEFs (A). In wild-type MEFs, LPP was localized within focal adhesions along with Lasp1 and zyxin (A, B, E, F), but had a subcellular distribution that more closely resembled that of Lasp1 than zyxin (A, B, E, F) . In contrast to zyxin, both Lasp1 and LPP were localized above and below nuclei, but not within nuclei based on the analysis of multiple, contingent image sections (not shown). F-actin was similarly localized within stress fibers of Lasp1 vinculin antibody, and actin cytoskeletal structure was assessed using Oregon green 488 phalloidin. As expected (3, 17) , serum starvation disrupted focal adhesions and stress fibers in Lasp1-null and wild-type MEFs (Fig. 6, A, AЈ, B, and BЈ) , and nocodazole induced focal adhesion and stress fiber formation in both models (Fig. 6, C, CЈ, D, and DЈ) . Thirty minutes after nocodazole removal, focal adhesions and stress fibers remained prominent in wild-type MEFs (Fig. 6 , E and EЈ) but were almost completely disrupted in Lasp1-null MEFs (Fig. 6, F and  FЈ) . One hour later, stress fibers and focal adhesions were obviously disrupted in both models (Fig. 6, G, GЈ, H, and  HЈ) ; however, within 2 h, focal adhesions and stress fibers were beginning to reform in Lasp1 Ϫ/Ϫ MEFs (Fig. 6 , J and JЈ) but not Lasp1 ϩ/ϩ MEFs (Fig. 6, I and IЈ). After 3 h, focal adhesion formation appeared to have stabilized in both cellular models (Fig. 6, K, KЈ, L, and LЈ) . Thus, this experimental approach provided strong evidence that focal adhesion and actin stress fiber turnover occurs more rapidly in MEFs lacking Lasp1.
Effects of chronic loss of Lasp1 on the expression and localization of putative Lasp1 binding partners. The lack of effect of loss of Lasp1 on zyxin localization led us to explore possible effects on other putative Lasp1 binding partners. Lipoma preferred partner (LPP) is a zyxin family member that also binds to Lasp1 in vitro (30) . LPP is also present within focal adhesions (20, 21, 44, 46) and can shuttle between cellular adhesion sites and the nucleus, at least in response to specific drug challenges (21, 44) . Confocal microscopic analyses immunolocalized LPP, along with zyxin and Lasp1, within focal adhesions in wild-type MEFs (Fig. 7, A, B, E, and  F) . However, the subcellular patterns of distribution of zyxin and LPP were not identical in that zyxin, but not LPP, was localized within the nuclei of both Lasp1-null and wild-type MEFs (Fig. 7, B, E, F, I , and J). In contrast, both LPP and Lasp1 were localized within the perinuclear region in wild-type MEFs (Fig. 7, A, B, and E) . Although the subcellular localization of LPP was not affected by loss of Lasp1 (Fig. 7I) , Western blot analyses detected a significant increase in LPP expression in Lasp1 Ϫ/Ϫ MEFs, whereas the expression levels of zyxin and ␤-actin were unchanged (Fig. 8) .
Zyxin also binds to the focal adhesion, motility-associated protein, VASP, and zyxin gene disruption alters the subcellular localization of VASP as well as mammalian enabled (Ena, also known as Mena/ENAH) (28), a closely related VASP family member (31) . Because there is some evidence that Lasp1 can interact with VASP (30), we analyzed effects of Lasp1 gene disruption on the subcellular localization of Ena/VASP proteins. As assessed by immunofluorescent localization analyses, the loss of Lasp1 had no effect on the subcellular localization of either VASP or Mena (not shown).
Microarray and quantitative RT-PCR analyses. To determine if the chronic absence of Lasp1 alters the expression of other genes associated with cell motility/attachment and/or other cellular functions, we performed global gene expression analyses using RNA isolated from Lasp1 ϩ/ϩ and Lasp1
MEFs (n ϭ 3, 3 repetitions/group). We found 154 genes that displayed more than a twofold difference in expression with a P Ͻ 0.05 (Supplemental Table S1 ). 1 Of these, 73 were upregulated and 81 were downregulated. Approximately one-third of the affected genes have recognized functions related to cell motility, adhesion, cytoskeleton organization, cell proliferation, and transcriptional regulation (Table 1 ). In agreement with protein expression analyses (Fig. 8) , LPP gene expression was significantly increased in Lasp1 Ϫ/Ϫ MEFs, whereas expression levels of zyxin and the other known zyxin family members (Trip6, LimD1, and ajuba) and VASP were unchanged. Similar levels of transcript expression were also detected for the VASP family member, Mena, with two Illumina probe sets. A third set, which recognizes a truncated form of Mena (accession no. AK020248), predicted an approximately twofold upregulation (Supplemental Table S1 ). However, we were unable to detect any change in protein expression levels by Western blotting of Mena using an antibody predicted to cross react with the known Mena isoforms (not shown). The findings that chronic loss of Lasp1 does not influence the expression of Mena/VASP are similar to those previously reported by Grunewald and colleagues (23) in which siRNA knockdown of Lasp1 in the BT-20 cell line had no effect on the expression of VASP or ENAH as assessed by Western blotting.
Lasp2 (LIM-nebulette), a nebulin family member that is the closest known homolog to Lasp1 (32, 52) , has recently been proposed to play a role in regulating cell motility (13) . Lasp2 is highly expressed in neuronal tissues, but at much lower levels in peripheral tissues (52) . Previously, we did not detect significant levels of Lasp2 expression in gastric mucosa of either 1 The online version of this article contains supplemental material. Lasp1-null mice or wild-type littermates (6). With highly sensitive, quantitative real-time RT-PCR, a very low level of Lasp2 expression could be detected in MEFs (ϳ1,000ϫ lower than in brain); however, there was no difference in the level of expression in Lasp1 Ϫ/Ϫ compared with Lasp1 ϩ/ϩ MEFs (Fig. 9, A and B) . In less sensitive microarray and Western blot analyses, no Lasp2 signal above background was detected [see Fig. 9 and microarray data (accession number, XM_358339) deposited at the following web site: http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭ GSE14800]. In contrast, a strong Lasp2 signal was detected by Western blot in mouse brain with a fourfold lower dilution of the anti-Lasp2 antibody (Fig. 9B, inset) . In the same samples, Lasp1 was readily detected in wild-type MEFs and in mouse brain with anti-Lasp1 antibody but was not detected in Lasp1-null MEFs (Fig. 9B, inset) .
DISCUSSION
Herein, we provide the first evidence linking chronic loss of Lasp1 to increased rates of cell migration and tumor promotion. These findings were unexpected in light of previous findings in which transient reductions in Lasp1 expression decreased cell migration and invasiveness and, in some cases, proliferation (23, 24, 35, 51, 57) . It should be noted, however, that a more recent study found that reduced expression of Lasp1 in the SKHep1C3 hepatocellular carcinoma cell line enhanced migration (47) . Conflicting findings have also been reported in overexpression studies in that transient overexpression of Lasp1 reduced migration in some cell lines (23, 35, 55) and enhanced, or had no effect, in others (23) . One potential explanation for these conflicting observations is that both transient and chronic alterations in Lasp1 expression differentially affect cellular responses, depending on the absolute level of expression attained by the manipulation. Thus, as found in the present study, complete depletion of Lasp1 enhances cell migration. In contrast, partial and variable depletion of Lasp1, as in siRNA knockdown experiments, may differentially affect cellular responses through alterations in specific molecular interactions and, possibly, changes in the pattern of subcellular compartmentalization. Another possibility is that chronic alterations in Lasp1 expression induce different responses by altering gene expression profiles that are not similarly modified by transient alterations in Lasp1 expression. The protein expression profile of a particular cell line might also influence the outcome of these experiments by affecting different subcellular protein-protein interaction pathways. Off-target effects associated with siRNA knockdown and subcellular mistargeting resulting from protein overexpression (also considered to be a possibility by Lin and colleagues, Ref. 35) could also be factors. Whatever the mechanism, these conflicting observations raise intriguing questions regarding the role of Lasp1 in the regulation of cell motility, particularly as related to cancer development and progression. Future experimental approaches in which Lasp1 expression is chronically suppressed, as with a stable siRNA knockdown, and transiently reduced, as with an inducible siRNA knockdown, may provide further insights into the role of Lasp1 in these processes.
The Lasp1 gene, previously known as MLN50, was initially detected as an overexpressed product in some breast cancers (53, 54) . Since then, Lasp1 has been found to be upregulated in a number of other cancers (22-24, 34, 57) . Lasp1 upregulation has generally been interpreted as supportive of an active role for Lasp1 in the development of metastasis (22, 54) . If, however, as suggested by present findings, Lasp1 plays a negative role in modulating cell migration and tumor formation, the increased expression of Lasp1 might reflect an important, positive development, serving to slow, rather than accelerate cancer progression. Recent microarray analyses of breast cancer patients provide some support to this hypothesis in that Lasp1 expression was found to be downregulated in breast cancer patients with the shortest postsurgical survival rates (1) .
To begin to address the mechanisms associated with the alterations in cell migration, we analyzed known Lasp1 binding partners, focusing on those with previously established roles in the regulation of this activity. The focal adhesion protein, zyxin, was a prime candidate as zyxin associates with Lasp1 in vitro (30, 32) , and transient knockdown of Lasp1 has been linked to loss of zyxin from focal adhesions (23, 24) . Rather than a displacement of zyxin, however, we found that chronic loss of Lasp1 leads to a significant increase in the number of zyxin-containing focal adhesions. Since we found no evidence to suggest that zyxin expression is upregulated in Lasp1 Ϫ/Ϫ MEFs, we postulate that the increase in zyxincontaining focal adhesions reflects a redistribution of zyxin from other subcellular compartment(s). Further experimentation is necessary to confirm whether this is, indeed, the case; however, the prominent presence of zyxin in focal adhesions of Lasp1-null MEFs provides a convincing counterargument to the proposal that Lasp1 is necessary and sufficient for the recruitment of zyxin to focal adhesions (24) .
If zyxin levels at the cell periphery are increased at the expense of Lasp1, and the localization and/or expression of other regulatory proteins are simultaneously affected, this imbalance might lead to increased cell migration. The increased rate of cell-substrate attachment in Lasp1 Ϫ/Ϫ MEFs might also be, at least partially, mediated by alterations in the number of focal adhesions. In this context, it is noteworthy that zyxin gene disruption produces an MEF phenotype that, in several respects, bears striking similarity to the Lasp1-null phenotype. Genes shown are those that could be functionally categorized, based on their most prominently recognized functions. Of these, 24 and 28 genes were found to be up-and downregulated, respectively. *BLAST analyses indicate that this probe can detect ␣-actin-like EST sequences in nonmuscle tissues, as skin, mammary gland, and bone. No significant alterations in the expression levels of other actin isoforms (Acta2, Actb, Actc1, Actg1, Actg2) were detected. †Genes identified by multiple probes. The corresponding fold changes and P values are listed for each probe. ‡Genes included in more than one category. For example, Slit3 is an extracellular matrix protein as well as a cell motility-related protein; Tnn is implicated not only in the regulation of cell motility but also proliferation as well as in and cell adhesion. Moesin has been identified as an upregulated gene in the motility aspect of the invasion signature in cancer cells (12) .
Thus, compared with wild-type MEFs, zyxin-null MEFs display 1) increased rates of adherence to several extracellular matrices, including collagen type I; 2) increased migration in modified Boyden chamber assays as well as in monolayer wounding assays in the absence of changes in proliferation; and 3) similar focal adhesion and stress fiber morphologies (28) . These findings suggest the possibility that both zyxin and Lasp1 are negative regulators of cell migration. Because chronic loss of zyxin, but not Lasp1, disrupted Ena/VASP localization within focal adhesions (28) , the underlying mechanisms associated with altered adherence and motility are presumably different. In particular, because zyxin accumulation at focal adhesion sites has been linked to reduced membrane protrusion and traction forces (2, 60) , the increased presence of zyxin in focal adhesions of Lasp1 Ϫ/Ϫ MEFs may be offset by changes in the distribution and/or expression of other motility-associated proteins. Zyxin has the capacity to shuttle between focal adhesions and the nucleus, possibly transferring information from the cell periphery to nuclear transcription machinery (43) (44) (45) . If a similar phenomenon occurs in MEFs, the increased recruitment of zyxin to focal adhesions in the absence of Lasp1 might also impact this process, perhaps by altering the expression of at least some the genes that we have identified that are linked to cell motility, adhesion, and/or cytoskeletal organization. Along these same lines, the finding that the zyxin family member LPP is upregulated at both the mRNA and protein levels is highly relevant. Like zyxin, LPP binds to Lasp1 in vitro (30, 32) . LPP is highly expressed in smooth muscle but is also present in MEFs (Figs. 5, 7), as well as in a range of other tissues (21, 44) . Furthermore, a recent proteomic analysis of the "leading pseudopodium" of chemotactic cells (the formation of which is necessary for cell migration) localized LPP and Lasp1, but not zyxin, within these structures (58) . Although LPP functions are not as well established as zyxin, there is increasing evidence that this protein plays a positive role in regulating cell migration (20, 21, 37, 56) , including recent observations that MEF-derived LPP-null mice exhibit reduced migratory capacity (56) . Because the subcellular distribution pattern of LPP in MEFs more closely resembles that for Lasp1 than zyxin, it is possible that, at least in MEFs, the regulatory functions of Lasp1 are linked to interactions with LPP rather than to zyxin. We do not yet understand why loss of Lasp1 increases LPP expression; however, this finding, in concert with the detection of altered expression of messages for a number of other proteins that are involved not only with regulation of cell motility and adhesion but also with cell proliferation, cytoskeletal organization, signal transduction, and nuclear transcription is, indeed, fascinating and warrants further investigation. In summary, the present findings, based on chronic depletion of Lasp1 under physiological conditions, support the hypothesis that Lasp1 serves as a negative, rather than a positive, modulator of cell migration and tumor formation in native tissues. Initial evidence suggests a potential role for the zyxin family member, LPP, in mediating these activities. Further studies are necessary to define the multitude of protein-protein interactions that are likely involved in this process and to refine the link between loss of Lasp1 and increased tumor formation in the framework of cancer development and metastasis. 
